First-principles methods are used to investigate the self-interstitial and its aggregates in diamond. The experimental assignment of the spin-one R2 EPR center to the single interstitial has been questioned because of the small fine structure term observed. We calculate the spin-spin interaction tensor for the three interstitial defects, I as well as its piezospectroscopic or stress tensor and find these to be in agreement with experiment. Several multi-interstitial defects are found to possess different structural forms which may coexist. We propose that a different form of the charged I 2 defect gives rise to the 3H optical peak.
I. INTRODUCTION
The thorough understanding of self-interstitials and the processes by which they aggregate has become an important goal throughout the semiconductor defect field. For example, the increasing use of silicon devices in high-radiation environments has prompted numerous investigations into the complex process of self-interstitial aggregation during annealing which leads to the generation of extended 'rod-like' {113} defects. The structure of these aggregates is now well characterized [1] , yet the structure of small interstitial aggregates and the self-interstitial itself is still under debate [2] [3] [4] .
In diamond the current state of knowledge is quite different. Although the extended interstitial defect known as the platelet has received much attention from experimentalists [5] [6] [7] [8] [9] , the structure, and even the composition of the defect is still the subject of debate.
On the other hand, the single self-interstitial (I have been identified with the R2 and R1 electron paramagnetic resonance (EPR) centers respectively [10, 11] . Recently, a new EPR center labelled O3 has also been suggested to be a small interstitial aggregate [12] . The O3 data gave rise to two models, one of which is made up from two interstitials and one being a tri-interstitial. It is by no means clear from the published data that a conclusive model for O3 has been established.
The assignments to small aggregates of interstitials have come chiefly from magnetic resonance investigations. The spin Hamiltonian of all of these S=1 centers contains an interaction term between two carbon radicals of the form (S · D · S), where the D-tensor uniquely identifies the center. In general, the D-tensor contains a spin-orbit term. This is usually small in comparison to that arising from the spin-spin interaction. The point dipole approximation to the D-tensor has been taken to imply a separation between C radicals of around 2.8Å in the case of R2. It was this large estimated separation that led to the original assignment to a di-vacancy or di-interstitial [42] . When approximate allowance for the distributed spin density is made [11] , this separation drops to 1.5Å. However, this separation is still considerably greater than the 1.26Å found for I (AIMPRO) modeling [13] , and 1.27Å calculated by Li and Lowther [14] using a different approach. Thus the assignment of R2 to the single interstitial is not without problems.
However, we show that a detailed calculation of the D-tensor resolves this controversy.
In this paper we again use AIMPRO to investigate the structure and electronic properties of interstitial defects, but extend the method to compute the D-tensor. Previously, AIM- PRO has been used to analyze the vibrational modes of nitrogen aggregates [15] , vacancynitrogen, vacancy-silicon [16] and vacancy-phosphorus [17] defects with conspicuous success.
Section II A describes the general method employed, and specifically the way the D-tensor is calculated.
Important information on interstitial defects also comes from optical studies. Three absorption peaks at 1.685, 1.859 and 3.9 eV have been correlated with R2, viz the single interstitial [11, 18, 19] . However, other workers [20] have assigned a different optical line to I 1 . This is the 3H band at 2.46 eV which is observed directly following electron irradiation and survives annealing to 670 K [20] and may be stable up to 900
• C [21] . The local mode replicas indicate an interstitial-related defect, and recent annealing experiments suggest that its intensity increases when the R2 and R1 defects begin to anneal out [22] . The assignments for these optical features are discussed in Secs. III and IV where the theoretical optical properties of the single and di-interstitial are described in detail. We do not find that the optical properties of I 1 closely match 3H and instead suggest that 3H is linked with a structural form of I NN 2 distinct from the R1 EPR center.
The favored structure for the single interstitial has long been taken to be a [001] splitinterstitial [13, 23] . This defect has two dangling bonds (or unsaturated atoms) at its core. A characteristic feature of the multi-interstitial defects is that the number of dangling bonds per interstitial is reduced through reconstruction. This provides the binding energy for the centers and is the driving force for the aggregation process. Spin-one centers usually arise from a coupling of two radicals, and I split-interstitials to produce a spin-one defect with two dangling bonds, and in Sec. V A, the D-tensor for this form of I 3 is found to be almost identical to that measured for the O3 EPR center. This gives corroborating evidence with which to identify I 3 with the O3
center. The structure of I 3 strongly implies that a form of I 4 in which all dangling bonds are removed is a particularly stable defect and is likely to be formed when O3 anneals out. This is important because it in turn suggests that a stable extended defect can arise from the aggregation of I 4 defects onto a single {001} plane. This provides a clue to the structure for the platelet, detected in many natural type Ia diamonds, or type Ib diamonds which have been annealed for long periods at temperatures above 2400
• C [24] .
Heat treatment of type Ib diamond is thought to create interstitials by the aggregation of nitrogen: single substitutional nitrogen defects combine into dimers (A-centers), which are subsequently combined into vacancy-nitrogen defects (B-centers) with the release of I 001 1 [25] [26] [27] , ie We calculate that the I 4 model also gives vibrational bands which are consistent with the B vibrational band attributed to platelets. This band correlates linearly with the number of B-centers in so called regular natural diamonds [25] lending weight to the interstitial model of the platelet. Thus the calculations give a good account of the stages of interstitial aggregation from point to extended defects.
Nevertheless, there are some unexpected findings. The most important of these is that the observed spin-one I 2 and I 3 defects are not the lowest energy structures: there are other, diamagnetic configurations which are considerably lower in energy. In some cases, eg I 3 , the diamagnetic center may be difficult to form as a substantial barrier may to be overcome.
In others, eg I NN 2 , we argue that a second form of the defect is a prominant optical center labelled 3H. Nevertheless, these alternative forms may be separated by a substantial barriers so that they coexist in the diamond. Thus, todate only paramagnetic self-interstitial defects have been properly characterized, leaving a vacuum in the understanding of interstitial aggregation. We discuss these models in Sec. III to V and finally give our conclusions in Sec. IX.
II. METHOD
We use a local spin-density functional method, AIMPRO, in supercells or large Hterminated clusters [28, 29] . Each interstitial defect is modeled by placing the appropriate number of extra carbon atoms into the center of a cluster or supercell. The atom positions are then optimized via a conjugate-gradient algorithm subject to a symmetry constraint, where appropriate.
Hydrogen terminated diamond clusters of composition ranging from C 71+n H 60 to C 184+n H 120 , where n is the number of interstitial atoms, were employed in this study. The wavefunction basis consists of independent s, p x , p y and p z Gaussian orbitals with four different exponents, sited at each C site. A fixed linear combination of two Gaussian orbitals is sited on the terminating H atoms. In addition, a set of s and p Gaussian orbitals was placed at each C-C bond center. The charge density is fitted with four independent s-Gaussian functions with different widths on each C atom and three on the terminating H atoms. One extra s-Gaussian function is placed at each C-C bond-center.
Supercell calculations were carried out in cells consisting of 64-128+n atoms, using an MP-2 3 set of k-points to sample the band structure [30] . Unit cells were constructed using either the eight-atom conventional unit cell (giving rise to 64, 96 and 128 atom unit cells) or is Fourier transformed using plane waves with a energy cut-off of 120 Ry. Details of the method have been given previously [29] .
In general, the results for the structure and energies of defects found using the cluster and supercell methods are similar. Each method has its own advantages. The cluster method is faster and the ionization energy and electron affinity can be easily evaluated giving information on the electical activity of defects [31] . On the other hand, the supercell method is to be preferred for properties such as diffusion energies since these quantities are independent of the location of the defect within the supercell.
The theory employed strictly fails for excited state properties of a system, and hence for excitation processes. This is true independent of the choice of clusters or supercells. One can approximately calculate direct excitation energies using theories such as that due to
Slater [32] . Specifically, the excitation between two localized states -which is often the case in diamond -gives a reasonable agreement with experiment. For optical transition energies in other materials, such as silicon, one gains a good understanding based on the electronic properties (donor and acceptor levels) of a given defect. This information comes from the ionisation potential and electron affinity which are both ground state properties and hence accessable by local density functional theory.
A. The D-tensor
The dipole contribution to the spin-spin interaction tensor is given by:
Here β e is the Bohr magneton, g the electron Landé factor, and ρ is the probability of locating spins at points r 1 and r 2 . D ij is two-particle correlation function and cannot be found from the spin densities. This type of approach has previously been used for spin-one centers [33] . We assume that ρ is determined from the two electrons occupying the two highest spin-up Kohn-Sham orbitals λ, µ. The expression for ρ is then
Consider the case, relevant here, that µ and λ are localized on two C radicals with separation R. When R is much larger than the localization length [34] for each orbital, then the exchange term can be ignored, and the point dipole expression for D becomes
The matrix D a has three principal values
is directed along the line joining the radicals. This formula has often been used but seriously overestimates R, as the distributed nature of the spin-density is ignored. In this study, we compute the integral in Eq. (1) both analytically and numerically using the wavefunctions obtained from the calculations. Both methods gave almost identical results. The theory here neglects spin-orbit contributions which are thought to be small for diamond.
The convergence of the defect structures and D-tensors was tested with respect to both cluster size and surface treatment. Relaxation of the terminating hydrogen of the cluster containing the largest defect, I 4 , gave rise to shifts of less than 3% in the bond lengths.
Similarly, the magnitudes of the D-tensor elements of I 3 were found to vary by less than of under 1% and a change to the D-tensor of less than 2%. This shows that the clusters employed in this study are large enough to provide us with structures and electronic properties that are not affected by the surface condition to within the accuracy of the method.
B. The B-tensor
The energy, E, of an anisotropic defect such as I 001 1
in an externally imposed strain field, depends on the orientation of the defect with respect to the strain field. This dependence is expressed through the stress-energy or piezospectroscopic B-tensor [35] : E = tr(B · ) where is the strain tensor and B is a traceless symmetric tensor which is readily calculated from a strained supercell [29] . Both the volume of the cell and the atomic positions are first relaxed to ensure that the tensor is traceless, and then strains are imposed across the surfaces of the supercell. The atomic positions are then relaxed a second time and the change in the energy found. The derivative of the energy change with strain is then the B-tensor. The tensor can be experimentally measured by imposing a uniaxial stress on the crystal and determining the equilibrium fraction of defects aligned along the stress axis. The tensor does not depend on any barrier between different orientations.
C. Optical transitions
The energies for optical transitions are found from the cluster method (C 72 H 60 ) using
Slater's transition-state method [32] together with Janak's theorem. These relate the absorption energy to the difference in Kohn-Sham levels of a configuration where half an electron is promoted from one Kohn-Sham level to another. The cluster method usually, and accidentally, gives a band gap energy around 5 eV which is close to the fundamental gap of diamond. This is due to the surface hydrogen atoms as the supercell technique, with a similar basis, gives direct and indirect band-gaps of 5.58 and 4.17 eV respectively, very close to other LDA calculations [36] . Typically the cluster method estimates optical excitation energies of defects to within about 25%. The radiative rates of the transition are related to the dipole matrix elements which can be evaluated using the pseudo-wavefunctions corresponding to each level [16] .
D. Vibrational Modes
Vibrational modes are calculated by the diagonalization of a dynamical matrix found from the numerical double derivatives of the total energy between core atoms of the defect.
Matrix elements of other atoms are found from a valence force potential given previously [37] .
The local vibrational modes are typically within about 10% of experiment, but the method becomes less reliable for modes lying close or below the Raman frequency.
III. THE SINGLE SELF-INTERSTITIAL, I 1
Previous AIMPRO calculations [13] [11] . R2 is a spin-one center with tetragonal symmetry observed directly following e-irradiation of type IIa diamond (containing low concentrations of impurities) at room temperature. Hyperfine measurements show that the unpaired wavefunction is localized on two equivalent atoms. However, the temperature dependence of R2 shows that the triplet state lies only 50 meV above the ground state. This is much smaller than the theoretical estimate given earlier and we have now recalculated this energy difference using an updated code.
The D 2d , e 2 configuration leads to four many-body states:
beling the e-orbitals x and y, approximate many-body wavefunctions can be written as:
The energies of these multiplets can be found using the von Barth procedure [38] account for the small difference in the singlet and triplet states provided that the singlet state is not lowered significantly in energy by a symmetry distortion. We shall show later in the paper that this is in fact the case for the present calculations, in contrast to the previous calculations [13] .
The migration path for I 001 1
involves the re-orientation of the split-interstitial from (say)
[001] to [010] . The barrier to migration has previously been calculated to be 1.7 eV [13] .
This value is in good agreement with the experimental barrier of 1.6-1.7 eV determined from the loss of vacancies at around 700 K, presumably through interstitial-vacancy recombination [39, 40] . This agreement adds further support to the assignment of R2 to I We have calculated the value of B 3 in 65 and 97 atom cubic supercells finding −28 and −29 eV respectively. The tensor can be measured by applying stress to the crystal and determining the equilibrium fraction of defects aligned along each cube axis. Ref. [11] gives the relative populations of the orientations of R2 under stress, from which we estimate B 3 = −24 eV, in excellent agreement with the calculated value. This gives strong support to the assignment and implies that the calculated separation of 1.26Å between the radicals must be largely correct.
A remaining problem with the assignment is the small measured values of the D-tensor.
Applying the point-dipole expression discussed in Sec. II A gives a separation between the two carbon radicals of 2.8Å. This is almost twice the calculated value. The effect of a spin-density distribution decreases this separation and a crude estimate gives 1.5Å [11] .
However, this value is still significantly larger than the calculated one. We have therefore used AIMPRO to derive the dipole-dipole contribution to the tensor.
Substituting the Kohn-Sham e ↑ -orbitals into Eq. 3 generates the D-tensor (Eq. 1) and Table I gives its principal values and directions. Thus D 3 is found to be −1.82 GHz compared with an experimental value of ±2.78 GHz [41, 42] . The sign has not been determined experimentally. Our calculated value underestimates the magnitude of the tensor by a factor of only 0.65 whereas the point-dipole approximation would overestimate its magnitude by a factor of 8. This shows that the small D-tensor is to be understood from a diffuse spin-density. The underestimate may be the result of deficiencies in the theory or in the neglect of the spin-orbit contribution.
We have examined carefully the sensitivity of the tensor to the details of the calculation. This demonstrates that the D-tensor is not sensitive to the precise form of the orbitals. In spin-polarized theory, the empty e ↓ orbitals are different from the filled e ↑ . However, using these spin-down orbitals yields D 3 to be −1.91 GHz -indicating again only a few percent difference.
In summary, application of the point dipole approximation leads to a D-tensor much greater than the experimental value. This has been a problem for the assignment of the R2 center to a single interstitial but the present calculations show that the discrepancy can be explained by a distributed spin-density. A general conclusion is then that the pointdipole approximation is inadequate in describing centers where the inter-radical separation is small.
A. Optical properties
In contrast to the magnetic properties, the optical properties of the defect are complicated and are not completely understood. R2 has been correlated with three optical transitions seen in absorption [11, 18, 19] , whose peaks are at 1.685, 1.859 and 3.9 eV. The symmetry of the optical center has been described as tetragonal [18] . The 1.685 eV peak is a transition between excited states as it disappears at very low temperatures. The temperature dependence of this line suggests absorption occurs from a state about 6 meV above the ground state energy. Recent experiments examining the dependence of the peak position on carbon isotope mixture [43] suggest that the 1.859 eV transition is a one-phonon replica of a dipole-forbidden transition. The 1.685 and 1.859 eV transitions share an excited electronic state [43] .
We assign an a 1 → e single-particle transition (see Fig. 2 ) to the 3.9 eV (R11) optical transition. In terms of multiplets, this
Slater transition state method, we estimate its energy to be 4.3 eV, in good agreement with experiment. The radiative lifetime is calculated at around 50 ns, which to our knowledge has not been measured. The location of the ground and excited states with reference to the bands has not been ascertained from the calculation, and it is possible that the excited state is resonant with the conduction band. This would tend to increase the lifetime.
Understanding the other two optical transitions is however not so straightforward. Davies et al. [43] have recently suggested that the 6 meV excited state arises from the interaction of the ground and lowest S = 0 excited state which attempt to cross each other as a result of a structural distortion. In the absence of distortion where the defect has D 2d symmetry, the excited state is 230±50 meV above the ground state. Our difficulty with this model is again the unlikely event that the 1 A 1 or 1 B 2 multiplets lie around 0.23 eV above the ground state. We therefore present a model below where the 6 meV splitting comes from the coupling of two symmetrically equivalent distortions and is similar to inversion doubling in the ammonia molecule. Now, it has been found previously [13] that, in the S=0 spin state, the interstitial can undergo a symmetry lowering distortion to D 2 , as indicated schematically in Fig. 3 . This distortion involves a clockwise (or an anti-clockwise) twist about the principle axis, and attempts to align the two dangling bonds on the two C radicals, leaving the bond lengths unchanged. Thus an element of π-bonding is introduced, stabilizing the distortion and splitting the e-level into b 2 and b 3 . In a one-electron picture, this is identical to a Jahn-Teller effect. The perturbation is not large, and the stable structure leads to an angle between the two C dangling-bonds that differs from D 2d by only 3.3 
The calculated (quasi-harmonic) modes for the neutral defect in D 2d symmetry are listed in Table II . The lower energy modes are spread over several atoms. Given the rather poor way in which such bulk-like modes are modeled in these calculations, the B 1 mode can be considered to be in tolerable agreement with the observed 169 meV (1363 cm −1 ).
Significantly the B 1 mode also corresponds to a twisting motion about the principle C 2 axis. A further consequence is that a two phonon transition involving this mode would be forbidden, in agreement with the lack of a two phonon transition in experiment despite the strong one-phonon peak.
In summary, the model where the ground state of the I 
B. Summary
To summarize, a number of independent properties ascribed to the single self-interstitial have been explained using theory. These include the optical behavior, D-tensor, piezospectroscopic data, and annealing properties. For a model to be accepted, it must explain all of the observations, not just one or two. It is a clear strength of the method employed in this study that so many points of agreement are made.
IV. THE DI-INTERSTITIAL
We now consider the di-interstitial, I 2 . We believe there are at least three structural forms of this defect with considerable energy barriers to inter-conversion and thus several types can coexist in diamond. We first describe the spin-one defect that has been found experimentally. (Fig. 6 ). This structure has been previously proposed as the S=1 EPR center labeled R1 [10] . A second form is shown in (Fig. 7) , and is similar to the R1 center in that it is made up from two [001] split-interstitials, has planar symmetry, and possesses only two dangling bonds. In this case the [001] split-interstitials are at next-nearest-neighbor sites, and this structure is commonly referred to as the 'Humble ring' (which we shall label I
2NN 2
). It was first proposed as a building block of the platelet [7] .
We shall return to this structure in Sec. IV B.
A third structure involves bridging two bond-centered interstitials placed across the hexagonal ring.
A. The R1 defect
The R1 center, which has C 2h symmetry, is formed along with R2 during room temperature irradiation of chemically pure (type IIa) diamond [10, 42] . Our calculations show that the optimized NN structure possesses C 2h symmetry in agreement with experiment and the spin-triplet configuration was found to lie 0.1 eV lower in energy than S=0, independent of cluster size. The inter-radical separation is 1.7Å. The calculated principal directions of the D-tensor, which are listed in Table I The R1 center is associated with an optical excitation around 1.7 eV, although the suggested mechanism for the transition is rather complex [44] . The electronic ground state of the S=1 complex is made from the two singly-occupied p-orbitals perpendicular to the plane of symmetry, and has overall 3 B u symmetry. In the one-electron picture there are two levels deep in the gap, with b g and a u symmetry, lying below an unoccupied level of a g symmetry (see Fig. 8 ). A transition state calculation gives an optical transition at around 1.76 eV in close agreement with the 1.7 eV threshold of Ref. [44] . Multiplets formed from the configuration a ), has C 2v symmetry (Fig. 7) . The difference in total energy between the R1 and Humble forms using C 100 H 78 is small for S=1, but the S=0 diamagnetic Humble defect is 0.7 eV lower in energy than R1. This suggests that although R1 is observed by EPR, another, more stable I 2 exists in a diamagnetic state.
There is some evidence that supports this idea. While the production rates of the neutral vacancy, and R1 are roughly independent of the irradiation temperature there is a marked drop in the creation of R2 at higher temperatures [45] . Thus at 350 K there are ∼16 times fewer R2 centers produced at a given fluence than at 100 K. The loss of R2 could be explained through a preferential formation of, say, the S=0 Humble defect.
The migration barrier of I 2 has been calculated by relaxing intermediate configurations with constraints which prevent the structure relaxing into R1 or the Humble forms. An intermediate metastable structure was found during this procedure but the saddle point was found to be 1.7 eV for the S=1 defect. Thus the thermal barrier to diffusion of I 001 1
and I 2 are roughly equal and this could explain why R1 and R2 anneal out at approximately the same temperature, ∼ 600 K.
C. The 3H optical center
3H is an optical center detected after room temperature electron irradiation and is reported to be stable to 670 K [20] , but may be stable to 1173 [21] . Photo-illumination with a UV lamp, or a heat treatment, results in a rapid reduction in its intensity (bleaching) suggesting that the defect responsible is charged. 3H possesses several phonon-replicas [20] the largest of which is shifted from the zero-phonon-line (ZPL) by 1757 cm −1 . This shift corresponds to a vibrational frequency expected from a strengthened C-C bond, supporting the identification with an interstitial defect. This replica splits into three peaks in mixed isotope material, consistent with the view that the C atoms with the strengthened bond are equivalent or nearly equivalent to each other. Other local modes are also observed as replicas and have frequencies of 1365, 1471, and 1506 cm −1 . Although, these modes roughly agree with the calculated modes of I 001 1 (Table II) , it is doubtful whether their symmetries would allow them to participate in luminescence as commonly only A 1 modes are found to accompany zero-phonon transitions.
Furthermore, uniaxial stress measurements show that the symmetry of the 3H defect is For the neutral defect, excitations of an electron from the a 1 or a 2 levels to b 1 are dipoleallowed and have transition energies at ∼3.5 and 1.0 eV respectively. These are in poor agreement with the 2.46 eV 3H transition, but we cannot rule out this defect as a candidate.
However, Fig. 9 shows that in (I 
The involvement of (I can be estimated by comparing the ionization energy of the defect with that of a defect with a known donor level [31] . In this case we choose the single substitutional phosphorus center which is known to possess a donor level at ∼ E c −0.6 eV [48] .
This gives the donor level of I 2NN 2 to lie at ≈ E c − 2 eV. In order for the defect to be charged, we require acceptors, for example vacancies, to be present with levels deeper than this, which seems entirely reasonable. Since 3H is also seen in type Ib material, it seems likely that the donor level of the 3H defect would be higher than substitutional nitrogen (E c − 1.7 eV), which is consistent within the accuracy of the donor level calculations.
The positive charge state might suggest that the optical center would be present in semiconducting, type IIb diamonds. However, it has been shown that the 3H signal is suppressed in this material [20] . This may be either because boron-self-interstitial complexes are preferentially formed or that alternative radiative centers exist.
We note that the assignment of 3H to a negative charge state of I 2 is unlikely since we predict that the acceptor level lies at or above the conduction band minimum.
We now discuss the phonon replicas of 3H. It is usual to assume that the modes detected as phonon replicas have A 1 symmetry if the zero-phonon line is allowed. The 1820 and 1813 cm −1 modes represent out-of phase and in-phase stretch of the 001 bonds. The splitting between these modes in pure 12 C is only 7 cm −1 , implying that the modes are nearly independent vibrations. In the mixed 12 C-13 C case, these modes split roughly into five but Fig. 11 makes it clear that only three peaks are to be expected if each mode is broadened by only ∼25 cm −1 . This is consistent with observations on 3H in mixed isotopic material which show that the highest replica is split into three bands, each of width ∼25 cm −1 [20] . If only the A 1 mode is considered to couple with the zero-phonon transition, the broadening required to produce only three peaks is reduced.
We have also found that, as the other A 1 modes involve more than two carbon atoms, they do not lead to unique modes split by more than 25 cm −1 in mixed isotopic material, in agreement with the observations. The splitting pattern is then consistent with an assignment of 3H to the Humble form of (I ) + demonstrates that a fraction of I 2 species exists in a some form other than the spin-one form of I 2 , identified with R1, and naturally explains why the density of R1 defects is so much smaller than that of vacancies [11, 45] .
One implication of this assignment is that 3H should be correlated with an as yet undetected S=1/2 EPR center having C 2v symmetry. We also suggest that a measurement of the piezospectroscopic B-tensor of 3H would provide additional evidence for the Humble model.
D. The π-bonded di-interstitial
We have found another form of I 2 to be competitive in energy. This C 2h defect consists of two bond-centered interstitials sited on opposite sides of a hexagonal ring (Fig. 10) . The unsaturated p-orbitals on the three-fold coordinated atoms are perpendicular to the ring and thus can form a π-bond. A fully occupied level lies around mid-gap and there do not appear to any other gap levels. The dipole matrix elements suggest that the ∼3.6 eV transition between this level and the lowest empty level near the conduction band has a long life-time of the order of µs. Using C 100 H 78 , in the neutral charge state, the defect has a total energy around 1 eV below the S=0 Humble ring, but is 0.26 eV less stable in the positive charge state. Local vibrational modes of the defect are given in Table III. This structure might be involved in the bleaching of 3H as described above. Interconversion between the Humble and π-bonded neutral defects can occur provided the activation barrier is sufficiently low. Preliminary estimates of the barrier for interchange between the π-bonded and Humble structures lead to values in the range 1-1.5 eV.
V. THE TRI-INTERSTITIAL
We now consider models for complexes of three self-interstitials.
A. The O3 defect
The O3, S=1 center, has C 2 symmetry appears following e-irradiation, and is enhanced by annealing around 600 K when R1 and R2 disappear. O3 anneals out at a temperature only ∼ 50 K higher. This suggests that R1 and R2 can be precursors of O3 and that it anneals out when additional interstitials are added to it. The hyperfine data suggest that the spin-density overlaps a unique C atom.
A third [001] split-interstitial can be added to I complex, leading to a defect containing a single pair. The relaxed structure has C 2 symmetry, with a unique atom lying between the two radicals. This is consistent with the symmetry and hyperfine structure of O3. Categorical support comes from the D-tensor, calculation using the cluster C 187 H 120 . Table I shows that the calculated principal values and directions are in close agreement with the measured ones [45] , giving definitive evidence that O3 is this form of I 3 .
The Kohn-Sham levels for the center are shown in Fig. 13 . The separation between the two three-fold coordinated carbon atoms leads to a modest splitting of the two gap levels, favoring the S=1 configuration by around 0.25 eV. There is also the possibility of one or two levels being pushed into the gap just above the valence band top. Thus, the O3 center might be correlated with optical activity with a excitation occurring between the low lying levels and those located on the dangling-bonds. Such a transition would have an energy in the 3-4 eV region.
B. The tetragonal tri-interstitial
The model for O3 is not the lowest energy structure we have found for I 3 . Placing four
[001] split-interstitials at sites adjacent to a vacancy leads to a fully reconstructed defect with D 2d symmetry (Fig. 14) which, in the diamagnetic state, is 1.7 eV lower in energy than O3, as calculated using unit cells made up from 96 atoms plus the three interstitials. Fig. 13 shows that the defect is electrically and optically inactive. Table IV gives its local vibrational modes along with those of O3.
Although this defect has a lower energy, it may be difficult to form or diffuse rapidly.
Moreover, it may be the case that the temperatures required to overcome an activation barrier for O3 to convert to this lower energy structure, are higher than for the creation of I 4 .
VI. THE TETRA-INTERSTITIAL
The O3 tri-interstitial structure suggests the structure of the I 4 defect. The addition of one further [001] split-interstitial to I 2NN 3 results in the D 2d defect shown in Fig. 15 .
Here, all dangling bonds have been eliminated and the binding energy of the four I 001 1 defects corresponds to the loss of 8 dangling bonds, or a saving of about 27 eV, which is equivalent to 3.4 eV per dangling bond. The bond lengths and angles in the defect are close to ideal. However, a residual strain must exist as a single, fully occupied, defect level lies just above the valence band top (Fig. 16) . Although the location of the valence band top
is not well defined, we can say that the level is in the band-gap since the wavefunction is relatively localized on the central atoms, and the energy of the level is above that of the highest occupied level in a defect free cluster of the same size. This defect level has a 1 symmetry and is spread over the central interstitial atoms and the two unique atoms along
[001] shaded grey in Fig. 15 . This form for I 4 has also been suggested for Si [49] . This too has gap levels above the valence band top and recent calculations have presented evidence for this aggregate being present in the positive charge state in the form of the Si:B3 EPR center [50] . The calculated local modes are listed in Table IV .
VII. ENERGETICS OF THE INTERSTITIAL AGGREGATES
Many of the self-interstitial defects discussed in this article possess the common feature of
[001]-orientation. In contrast with silicon, the diamond system shows a preference for threefold coordinated self-interstitial defects. In each case where full four-fold coordination is not achieved the defects I 1 -I 3 possess two singly occupied p-orbitals, which interact to varying degrees. This phenomenon leads to a number of observable trends.
Energetically there is a clear picture. The formation energy for an aggregate I n is defined
where E C is the energy per carbon atom of the perfect crystal, and E centers, we find that about 2-3.5 eV is gained through the saving of each dangling bond. We have also listed a 'binding energy' defined as the difference in the formation energy of an aggregate of n interstitials and n × E f (I 1 ). As the aggregates get larger the binding energy per interstitial increases.
VIII. PLATELETS
The structure of I 4 suggests a link with the platelet. There have been many models proposed for the platelet extending over more than 40 years [9, 7, 51] , but the most recent favor a condensation of carbon interstitials onto a {001} plane [9] . As all bonds are saturated, an array of I 4 units, as suggested by Humble [7] , and shown schematically in Fig. 17(a) , is expected to have particularly low energy. This model is characterized by a C 2 axis running through the diagonals of the squares. A direct consequence of this symmetry is that the , all of which are asymmetric between these projections. These are then possible models. It had been suggested that a combination of different topologies might occur [9] .
The TEM studies [52] have shown that the platelet leads to a displacement of {001} planes by 0.4 a 0 although displacements as low as 0.33 a 0 have been reported for smaller platelets [53] . For I 4 , we find that the displacement between the atoms shaded grey in Fig. 15 is 0.34 a 0 in agreement with the latter. In addition, the calculated infra-red active vibrational can be calculated using the formula E f = (E platelet − nE C )/N , where E platelet is the total energy of the platelet supercell containing n atoms and N interstitials, and E C being the energy per atom of pure diamond. The formation energies per interstitial for each of the various models are listed in Table VI . There is a large strain inherent to adding a layer of atoms to a unit cell. Therefore we have also calculated the formation energies for unit cells where there volume of the unit cell is allowed to change. Naturally the formation energies are smaller for the volume relaxed structures, and specifically the minimum is found for the alternating Humble I 4 structure (Fig. 17(b) ). This does reflect the asymmetry of the 110 and 110 directions observed experimentally. Furthermore, all the reconstructions investigated give rise to a dilation close to 0.4 a 0 . Since the energy differences are small and we have neglected the nucleation processes and strain at the platelet boundaries one must take care in interpreting these energies. Calculations of the local modes of the periodic systems indicated that bands are present above but close to the Raman refequency.
The optical transitions associated with platelets cannot be accounted for by these fully reconstructed models, since there are no deep levels associated with these structures. It seems likely that the observed optical activity arises due to disorder in these interstitial aggregate structures, or due to the presence of nitrogen which is always present in relatively large concentrations.
IX. CONCLUSIONS
The ab initio theory demonstrates that the small spin-spin dipole tensors in I is also found to be in excellent agreement with the experimental value found for R2.
We have analyzed the optical transitions for I 001 1
based on tunneling between two distorted D 2 structures. This is similar to inversion-doubling in the ammonia molecule and distinct from a Jahn-Teller system. A Jahn-Teller system requires an orbitally degenerate many body state. In the case of the single interstitial (D2d symmetry), as explained above, all multiplets are orbitally non-degenerate, and strictly this is not a Jahn-Teller system. The potential energy lowering in the calculation due to the lowering of symmetry and splitting of the one-electron doublet has parallels to the J-T problem. The inversion-doubling model leads to the 6 meV splitting of the ground state and provides the mechanism for generating a dipole allowed transition from the excited state and a forbidden transition from the ground that is made optically active by coupling with a B 1 local mode. This is a distinct model of the optical properties of I 1 from that of Davies et al. [43] .
We also assign the positive charge state of the next-nearest-neighbor model of the diinterstitial to the 3H optical center. The symmetry of the defect, its vibrational modes and the splitting in mixed isotopic material are all consistent with experiment.
The excellent agreement between the calculated D-tensor for I 2NN 3 with the measured one for the O3 EPR center implies that the defects are the same. This assignment suggests a model for I 4 . This fully bonded interstitial defect is expected to be particularly stable and extended defects are made from aggregates of I 4 . This is particularly valuable as it has given us a glimpse of the pathway leading to aggregation of point defects into extended ones. An important finding is that there are forms of I 2 and I 3 which are more stable than the observed S=1 forms of these defects. These may be present in the material but in a diamagnetic form so that experiment has thus far failed to observe them. It follows that introduction rates of radiation defects in diamond are in serious error if only magnetic resonance data is to be relied upon.
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